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Abstract
It is generally difficult to quantify the amounts
of light elements in materials because of their
low X-ray-scattering power, as this means that
they cannot be easily estimated via X-ray anal-
yses. Meanwhile, the recently reported lay-
ered superconductor, Sc20C8−xBxC20, requires
a small amount of boron, which is a light ele-
ment, for its structural stability. In this con-
text, here, we quantitatively evaluate the opti-
mal x value using both the experimental and
computational approaches. Using the high-
pressure synthesis approach that can maintain
the starting composition even after sintering,
we obtain the Sc20(C,B)8C20 phase by the re-
action of the previously reported Sc15C19 and
B (Sc15ByC19). Our experiments demonstrate
that an increase in y values promotes the phase
formation of the Sc20(C,B)8C20 structure; how-
ever, there appears to be an upper limit to the
nominal y value to form this phase. The maxi-
mum Tc (= 7.6K) is found to correspond with
the actual x value of x ∼ 5 under the assump-
tion that the sample with the same Tc as the
reported value (= 7.7K) possesses the optimal
x amount. Moreover, we construct the energy
convex hull diagram by calculating the forma-
tion enthalpy based on first principles. Our
computational results indicate that the compo-
sition of Sc20C4B4C20 (x = 4) is the most ther-
modynamically stable, which is reasonably con-
sistent with the experimentally obtained value.
Introduction
High-frequency lattice vibrations are known as
one of the key factors that enhance the super-
conducting critical temperature (Tc) within the
framework of the Bardeen–Cooper–Schrieffer
(BCS) theory.1,2 Prime examples reflecting the
effects of lattice vibrations include the obser-
vation of the highest Tc in MgB2 at normal
pressure3,4 and the discovery of nearly room
temperature (RT) superconductivity in super-
hydride materials under exceedingly high pres-
sures (HP).5–7
Meanwhile, our search for superconducting
materials containing light elements has recently
yielded scandium borocarbide Sc20C8–xBxC20,
wherein the crystal structure is composed of al-
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ternately stacked ScC and C/B layers.8 This
compound exhibits bulk superconductivity at
Tc = 7.7 K with typical type-II behavior. In
our studies, we found that a small amount of B
(x) is essential for phase stability although poly-
crystalline samples could be easily obtained by
arc-melting each element. In this regard, in a
previous study, when B was excluded from the
starting ingredients, the authors observed the
formation of the non-superconducting Sc15C19
phase with a similar crystal structure.9 Figure 1
compares the structures of the two materials.
Both compounds exhibit a tetragonal layered
structure with similar a-axis lengths and homo-
geneous atomic layers (ScC and C/B layers);
however, there is a difference in their stack-
ing sequence. In Sc15C19 with the space group
P 4¯21c, the C layer is separated by triple ScC
layers; however, it can be observed that Sc15C19
exhibits an inexplicable buckling in each layer,
particularly in the C layer. On the other hand,
in Sc20(C, B)8C20 (P4/ncc), double ScC layers
are sandwiched between the C layers. Further-
more, using density functional theory (DFT)
calculations for Sc20(C, B)8C20, we previously
estimated that the structural model, wherein B
is substituted into the 8f site that forms the C
layer, is the most stable configuration.8
When an equivalent crystallographic site is
occupied by different light elements, as in the
formation of a solid-solution state, it is gen-
erally difficult to quantitatively analyze their
concentrations. This is because the lighter
elements are relatively insensitive to direct-
composition X-ray analysis techniques such
as energy-dispersive X-ray spectroscopy (EDS)
and electron probe microanalysis (EPMA). In-
deed, an optimal amount of x in Sc20C8–xBxC20
remains unknown because there is a slight dis-
crepancy between the starting and actual com-
positions due to the evaporation of C and B
during the melting and the formation of a sec-
ondary phase. As reported in the literature,8
considering the optimized starting composition,
x has been empirically assumed to be 1 or 2 at
most; moreover, the Tc value of the as-melted
sample hardly depends on the nominal B con-
tent. This implies that the arc-melting is un-
suitable for precise composition tuning, which
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Figure 1: Comparison of the crystal structures
of (left) Sc15C19 9 and (right) Sc20C8–xBxC20 8
viewed from a-axis. The larger and smaller
spheres indicate Sc and C atoms, respectively.
The C atoms in the C-layer are shown in
a different color (yellow) from those of the
other sites. The structure was visualized using
VESTA software.10
conversely suggests that the samples obtained
by this method almost always have an unknown
optimal content of B.
In this study, we report the successful synthe-
sis of Sc20(C, B)8C20 via a solid-state reaction
under HP. Although the reaction of the stoi-
chiometric mixture of elemental Sc, B, and C
powders yields no Sc20(C, B)8C20, we demon-
strate that this phase can be obtained by the
reaction of Sc15C19 with the addition of B. Be-
cause the starting composition is maintained
during the HP synthetic process, this technique
allows us to finely control the target composi-
tion. Taking advantage of the benefits of HP
synthesis in terms of high sealability of the
sample, we attempt to estimate an optimal x
value in Sc20C8–xBxC20. Furthermore, to in-
vestigate the thermodynamic stability of the
crystal structure as a function of x, we perform
first-principles DFT calculations based on the
convex hull approach.11
2
Experimental and computa-
tional methods
Sample preparation
Polycrystalline samples with a nominal com-
position of Sc15ByC19(y = 0 − 7.5) were syn-
thesized by means of the conventional solid-
state reaction under pressures realized with the
use of a cubic-anvil-type HP apparatus (CAP-
07, Riken). The starting materials, powders of
Sc15C19 and amorphous B, were weighed in a
molar ratio of 1 : y, and then mixed using a zir-
conia mortar in a dry-nitrogen-filled glovebox.
The precursor Sc15C19 was obtained by arc-
melting Sc metal and graphite with a starting
composition of Sc : C = 5 : 7 on a water-cooled
copper hearth. The mixture of Sc15C19 + B was
pressed into a pellet and encapsulated in a plat-
inum crucible to avoid external contamination.
The sample, assembled in an HP cell with py-
rophyllite as the pressure-transmitting medium,
was sintered at 1300 ◦C for 1 h under a pressure
of 4.3 GPa and subsequently quenched to room
temperature (∼ 30 ◦C).
Characterization
The phase purity of the obtained samples was
confirmed by means of powder X-ray diffrac-
tion (XRD) with Cu-Kα radiation at approx-
imately 293 K. The intensity data were col-
lected by using a diffractometer (Ultima-IV,
Rigaku) equipped with a high-speed X-ray de-
tector (D/teX Ultra, Rigaku). For the refine-
ment of the crystal structure of Sc15C19, we
performed the Rietveld analysis of the data of
the as-melted sample using the BIOVIA Ma-
terials Studio Reflex software package (version
2018 R2).12 Single-phase analysis was adopted
in this study.
We examined the sample superconductivity
and Tc by means of magnetization (M) mea-
surements using a commercial SQUID magne-
tometer (MPMS-XL, Quantum Design), with
the temperature (T ) ranging from 1.8 K to 10 K
under a magnetic field (H) of 10 Oe. The rele-
vant data were acquired for both the zero-field
cooling and field cooling processes.
Enthalpy calculations
To construct the convex hull diagram, we per-
formed structural optimization for each x value
of Sc20C8–xBxC20 (x = 0 − 8) using density
functional theory (DFT) calculations and esti-
mated the enthalpy of formation. We used the
on-the-fly ultrasoft pseudopotentials13 gener-
ated by the CASTEP code14 along with GGA-
PBE exchange-correlation functionals.15 The
cut-off energy for the plane-wave basis set was
460 eV for these calculations. The k-space was
sampled by a 3× 3× 2 Monkhorst-Pack grid.16
In this study, we created structural models
in which the C atoms at the 8f site are se-
lectively replaced by B atoms, and therefore,
we removed the constraints of the space group
P4/ncc(#130) and set it to P1(#1).
Results
Material synthesis and phase iden-
tification
Reexamination of crystal structure of
Sc15C19
In the next section, we show that the
Sc20C8–xBxC20 phase was indeed obtained by
the HP synthesis of the mixture of Sc15C19 and
B powders. In this study, before the HP syn-
thesis, we reexamined the X-ray structure of
Sc15C19. First, the structural optimization of
the previous P 4¯21c model was performed by us-
ing DFT calculations, which resulted in a large
decrease in the formation enthalpy per unit cell
from −44 203.0 eV to −44 228.8 eV. From the
inset of Fig. 2, it can be observed that the de-
gree of buckling in the C layer clearly reduces
in the obtained model with the higher sym-
metry of P4/mnc (#128). The enthalpy dif-
ference of about 26 eV between two structural
models might be due to the close proximity be-
tween the C atoms in the C and ScC layers
in the originally reported structure, as can be
seen from the left panel of Fig. 1. Figure 2
shows the result of the Rietveld analysis ap-
plied to Sc15C19. The experimental XRD pat-
tern is well-fitted by the P4/mnc model, which
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Figure 2: Rietveld analysis results for as-melted
Sc15C19. The observed and calculated intensity
data are denoted by Iobs. and Ical., respectively.
The difference curve (in black) (Iobs. − Ical.)
is shown with a downward shift of 1 × 104
counts. The typical peak originating from un-
known phases is indicated by the arrow. The in-
set illustrates the re-refined structure with the
space group P4/mnc.
yields a weighted-profile factor (Rwp) and ex-
pected reliability factor (Re) of Rwp = 11.45%
and Re = 10.04%, respectively. These values
correspond to a goodness-of-fit indicator (S) of
S = 1.14, thereby confirming the appropriate-
ness of the analysis. The fractional coordinates
are summarized in Table 1. Additionally, as in-
dicated by the arrow in Fig. 2, a non-negligible
peak originating from a certain secondary phase
is observed at around 30◦; however, we found
that the origin of this reflection cannot be ex-
plained even by the originally reported P 4¯21c
model.
High-pressure synthesis of Sc15ByC19
Figure 3 depicts the XRD measurement results
of Sc15ByC19 (y = 0 − 7.5). For comparison,
the data of the as-melted Sc15C19 before HP
synthesis are also shown. The pattern of the
sample sintered under HP without B, i.e., the
y = 0 specimen, is found to originate from
the Sc15C19-type structure, although a few un-
known peaks are observed. The peak posi-
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Figure 3: Experimental X-ray diffraction
(XRD) profiles of Sc15ByC19(y = 0, 1, 2, 5, 7.5)
and the as-melted Sc15C19 before high pressure
(HP) synthesis. All patterns were normalized to
their respective maximum intensities and offset
for good visibility. The inset shows the enlarged
view near the main peak of the simulated pat-
terns of the Sc15C19 and Sc20(C, B)8C20 struc-
tures.
tions, which were labeled by the Sc15C19 phase
in the y = 0 sample, are uniformly shifted
slightly to the wide-angle side relative to those
of the as-melted compound, corresponding to a
1.4% lattice shrinkage. The addition of B to
Sc15C19, namely, increasing y, affords a grad-
ual change in the XRD pattern. In the samples
with y > 0, the XRD peaks originating from the
Sc20(C, B)8C20 structure are observed. Because
of the structural similarity between Sc15C19 and
Sc20(C, B)8C20, their XRD patterns are quite
similar. To examine the distinctions between
the two patterns, we present the enlarged view
around the main peak in the inset of Fig. 3.
4
Table 1: Atomic coordinates and isotropic displacement parameters (Uiso) for Sc15C19 refined by
Rietveld analysis at room temperature. The site occupancy for each site was fixed at 1.
Site Wyckoffposition x y z Uiso
a
Sc1 16i 0.2108(4) 0.3956(4) 0.1447(2) 0.013(1)
Sc2 4e 0 0 0.1886(5) 0.013
Sc3 8h 0.3020(6) 0.0955(7) 0 0.013
Sc4 2b 1/2 1/2 0 0.013
C1 16i 0.3005(16) 0.0961(16) 0.1684(5) 0.013
C2 4e 1/2 1/2 0.1591(16) 0.013
C3 8h 0.1931(21) 0.3781(22) 0 0.013
C4 2a 0 0 0 0.013
C5 8g 0.3459(20) 0.1541(20) 1/4 0.013
a A global Uiso factor was employed for all crystallographic sites.
The most significant difference is the position
of the (131) peak, which is observed around
2θ = 38◦ − 39◦. In comparison with the case
of Sc15C19, this peak from the Sc20(C, B)8C20
structure shifts to a wider angle. Further-
more, the maximum peak of Sc15C19 appears at
36.0◦(124 peak), whereas that of Sc20(C, B)8C20
is observed at 38.0◦(123 peak). As y increases,
the peak intensity of Sc20(C, B)8C20 increases
relative to that of Sc15C19; furthermore, peaks
derived from another non-superconducting im-
purity Sc2B1.1C3.2 17 exhibit a gradual strength-
ening in intensity. At y = 7.5, all of the peaks
originating from the Sc20(C, B)8C20 structure
suddenly disappear, and the XRD pattern can
be assigned by Sc15C19, Sc2B1.1C3.2, and un-
known phases.
Figure 4 shows the evolution of the cell pa-
rameters of Sc15ByC19 as functions of y. In
the study, the lattice constants were calcu-
lated by means of the least-squares method
by employing the peaks characterized by the
Sc20(C, B)8C20 structure. As the nominal y in-
creases, the a- and c-axis lengths are extended
slightly by ∼ 0.1% and ∼ 0.3%, respectively, re-
sulting in a ∼ 0.5% expansion of the cell volume
V . This indicates an increase in the B content
in the Sc20(C, B)8C20 structure, and the expan-
sion of V can be attributed to the difference
between the atomic radii of B and C. The cell
volume of the y = 5 sample is comparable with
that obtained by arc-melting.8
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Superconductivity
The magnetic susceptibility (M/H) vs. T data
are plotted in Fig. 5. A trace of superconductiv-
ity is observed at the onset of Tc = 2.2 K even in
the sample with y = 0. This result suggests the
formation of the Sc20(C, B)8C20 phase devoid
of B; however, the origin of this superconduc-
tivity is currently unclear, because there is no
reproducibility in the presence or absence of su-
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Figure 5: Temperature dependence of magnetic
susceptibility (M/H) for samples with the nom-
inal composition of Sc15ByC19(y = 0−7.5) mea-
sured under field of H = 10 Oe with the ZFC
mode.
perconductivity of the B-free samples. With in-
crease in y, Tc increases gradually, and the dia-
magnetic signal corresponding to the supercon-
ducting transition becomes sharper. The maxi-
mum Tc of 7.6 K is observed for the y = 5 speci-
men, and this value closely agrees with that for
the arc-melted Sc20(C, B)8C20.8 For y = 7.5,
the M/H curve shows no anomalies down to
1.8 K. Considering that no XRD peaks at-
tributed to the Sc20(C, B)8C20 structure are ob-
served, as illustrated in Fig. 3, the supercon-
ductivity confirmed in the other samples does
not originate from Sc15C19, Sc2B1.1C3.2, nor the
unknown phases observed in the XRD data of
the y = 7.5 sample.
Structural optimization and en-
thalpy evaluations
To optimize the Sc20C8–xBxC20 structure for
various x values from the computational point
of view, we performed ab initio DFT calcula-
tions for x = 0 − 8 in increments of one unit.
For x = 1−7, the P4/ncc symmetry was inten-
tionally lowered to P1 without changing the ba-
sic lattice structure; we employed the structural
model where, one by one, C atoms at the 8f
site are replaced by B. Figures 6(a) and (b) il-
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Figure 6: (a) Optimized cell volume and (b)
enthalpies of formation as functions of x in
Sc20C8–xBxC20. For all x values, the basic lat-
tice structures of the crystal model used in the
optimization are identical to each other. The
several data points for each x value indicate the
different possible ways in which B atoms are
substituted into each C layer. The solid line
in (b) denotes a convex hull on which the data
are represented by closed circles, while the data
above the convex hull are indicated by open cir-
cles.
lustrate the resultant cell volume and the corre-
sponding formation enthalpies per unit cell for
each x value, respectively. The enthalpy data
are plotted as the difference (∆Hf) on the basis
of those for x = 0. Generally, such a plot is re-
ferred to as the energy convex hull diagram.18,19
For example, this technique allows us to discuss
the phase stability with respect to differences in
the content between each in multi-component
systems.20–22 In this paper, we examined the
most stable B composition in Sc20(C, B)8C20 as-
suming the B-C replacement in the C layer.
As plotted in Fig. 6(a), the cell volume ex-
6
pands linearly with increasing x, which is qual-
itatively consistent with the experimental be-
havior shown in Fig. 4. Meanwhile, in Fig. 6(b),
the compositions corresponding x = 2, 4, 5, and
6 on the convex hull are thermodynamically
stable at zero temperature, which means that
x = 1, 3, and 7 affords a relatively metastable or
unstable compound. Among these compounds,
Sc20C4B4C20 (x = 4) with the lowest ∆Hf was
considered to be the most stable in this system.
Our model construction implies that upon view-
ing the structure from the c-axis, the formation
enthalpy becomes higher when the B atoms in
the C layer at z = 0.25 and 0.75 show a ten-
dency to overlap with each other. This result
is probably due to the local stress in the c-axis
direction arising from the atomic size difference
between B and C atoms.
Discussion
We demonstrated that the Sc20C8–xBxC20
phase is obtained from Sc15C19 + yB with the
precise control of y using the HP synthesis
approach. Although an increase in the nominal
y value yielded the impurity Sc2B1.1C3.2,
the XRD peak intensity of Sc20(C, B)8C20
increased relative to that of Sc15C19. Fig-
ure 7 depicts the XRD intensity fraction
of Sc20(C, B)8C20 in the various Sc15ByC19
samples, which was defined by calculating
I
Sc20(C,B)8C20
131 /
(
I
Sc20(C,B)8C20
131 + I
Sc15C19
131 + I
Sc2B1.1B3.2
max
)
,
where ISc20(C,B)8C20131 and I
Sc15C19
131 represent the
(131) peak intensities from Sc20(C, B)8C20
and Sc15C19, respectively, and ISc2B1.1B3.2max
corresponds to the maximum peak intensity
of the Sc2B1.1C3.2 phase at around 2θ = 33◦
in Fig. 3. The confirmed T onsetc is also plotted
in the figure. Here, it is noteworthy that the
nominal y on the horizontal axis does not
necessarily correspond to x in Sc20C8–xBxC20
because the samples with y > 0 contain the
B-containing secondary phase originating from
Sc2B1.1C3.2. As y increases, the fraction and Tc
exhibit qualitatively similar trends. At y = 5,
at which the fraction reaches its maximal
value, Tc also exhibits a maximum of 7.6 K. No
Sc20(C, B)8C20 phase is confirmed in the sample
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For comparison, Tc of the arc-melted sample8
is denoted by the horizontal line.
with y = 7.5, which implies the existence of an
upper y limit value for the formation of this
structure.
As mentioned in the introduction, we previ-
ously reported that the arc-melted sample may
always contain an optimal B content,8 because
its Tc value (= 7.7 K) does not depend signifi-
cantly on the starting composition of B. This
means that it is reasonable to assume that
a sample with similar cell volume and Tc to
the arc-melted sample has the optimal x value
in Sc20C8–xBxC20. Among the obtained sam-
ples in this study, only the y = 5 sample is
found to satisfy this assumption, as depicted
in Figs. 4 and 7. When y = 5, the resul-
tant XRD pattern nearly conforms with those
of the Sc20(C, B)8C20 and Sc2B1.1C3.2 phases, as
shown in Fig. 3, which indicates that the reac-
tion between Sc15C19 and B with the nominal
molar ratio of 1 : 5 under HP resulted in these
two compounds. Moreover, given the loss-free
nature of the starting materials before/after HP
synthesis, we can construct the following chem-
7
ical reaction:
Sc15C19 + 5B −→
0.55Sc20C2.9B5.1C20 + 2Sc2B1.1C3.2
wherein crystal defects such as atomic va-
cancies are not taken into account. Note
that the x value and the molar ratio of the
products are uniquely calculated, as shown in
the above formula. The obtained ratio be-
tween Sc20C2.9B5.1C20 and Sc2B1.1C3.2 (= 0.55 :
2) corresponds to a mass ratio of 1 : 0.4
upon applying the molar weight of these com-
pounds, which is roughly compatible with the
XRD intensity ratio between ISc20(C,B)8C20131 and
ISc2B1.1B3.2max in the y = 5 sample, as depicted
in Fig. 3. Furthermore, regardless of the ex-
istence ratio of Sc20C8–xBxC20 and Sc2B1.1C3.2,
the atomic ratio between Sc and C needs to be
maintained throughout the HP synthesis. This
presupposition indicates that the x value should
be x > 2.7 in order to coexist with the C-rich
impurities, because the C/Sc ratio before the
reaction is fixed at 19/15, which supports the
result of our estimation (x ∼ 5). Therefore, the
actual x value in Sc20C8–xBxC20 was estimated
to be about 5; this result moderately agrees
with that determined as per the convex hull di-
agram in Fig. 6. From the optimized starting
composition adopted in the arc-melting process,
the content of x was empirically verified to be
less than 2;8 however, we found that nearly half
the B amount was substituted into the C layer
(8f site).
For the samples with y < 5, as shown in
Figs. 4 and 5, we observed a systematic decrease
both in V and Tc values. Although these results
suggest the formation of a solid-solution state
at the 8f site, we previously reported that Tc
is difficult to control even by tuning the nom-
inal B content using the arc-melting method.8
From the susceptibility data in Fig. 5, we can
confirm the broadening of the superconduct-
ing transition with decreasing y values, which
implies that the decrease in Tc and V can be
attributed to the formation of an unexpected
B-deficient Sc20(C, B)8C20 structure stabilized
forcibly under HP. To clarify this issue more
clearly, further structural studies based on tech-
niques other than X-ray investigations are re-
quired.
Conclusion
By sintering Sc15ByC19 (y = 1 − 5) at high
temperature and pressure, we succeeded in
synthesizing the Sc20C8–xBxC20 phase together
with Sc2B1.1C3.2, and we obtained the resid-
ual Sc15C19 as impurities. Although an in-
crease in y up to 5 led to the phase forma-
tion of Sc20(C, B)8C20 becoming predominant
relative to that of Sc15C19, the Sc20(C, B)8C20
phase suddenly disappeared at y = 7.5, which
suggests the existence of an upper y limit.
Our structural optimization obtained based on
DFT calculations afforded a monotonic lat-
tice expansion with increasing y, which qual-
itatively agreed with the experimental behav-
ior. To determine an optimal amount of x
in Sc20C8–xBxC20, we assumed that the arc-
melted sample contains the optimal x value.
Our experiments demonstrated that the cell
volume and Tc values of the y = 5 sample
are almost equal to those of the melted sam-
ple, strongly suggesting that these compounds
possess an almost identical chemical composi-
tion. We also constructed the chemical reaction
scheme of the y = 5 sample, which revealed
that HP synthesis of Sc15C19 + 5B yields the
Sc20C8–xBxC20 (x ∼ 5) and Sc2B1.1C3.2 phases
with a molar ratio of 0.55 : 2. This result is
comparable with the existence ratio expected
from the experimental XRD pattern. Further-
more, our evaluation of the energy convex hull
depending on x revealed that the composition
of Sc20C4B4C20 (x = 4) is the most thermo-
dynamically stable, which is again compatible
with the experimentally evaluated x.
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